We report Al x In 1-x As y Sb 1-y PIN and Separate Absorption, Charge and Multiplication (SACM) avalanche photodiodes (APDs) with high temperature stability. This work is based on measurements of avalanche breakdown voltage of these devices for temperatures between 223 K and 363 K. Breakdown voltage temperature coefficients are shown to be lower than those of APDs fabricated with other materials with comparable multiplication layer thicknesses.
Introduction
Avalanche photodiodes have been widely used in telecommunication, military, and research applications requiring receivers with high optical sensitivity [1] . APDs typically exhibit a proportional relationship between ambient temperature and bias required to maintain a constant gain, M. This is due to a change in impact ionization efficiency with temperature. Phonon scattering increases with temperature, necessitating a higher electric field and hence a higher reverse bias to realize a given avalanche gain. This gain-temperature relationship can be extended to the variation of breakdown voltage with temperature and is characterized by the breakdown voltage temperature coefficient ΔVbd/ΔT [2] . APDs operated in Geiger mode, which is used for single photon detection, are even more susceptible to slight variations in temperature. As a result of this dependence, complex cooling circuits are required to maintain a constant gain. APDs requiring only simple bias feedback circuits due to minimal values of ΔVbd/ΔT are desirable for such highly sensitive applications.
Another factor contributing to ΔVbd/ΔT is the APD multiplication layer thickness. It has been shown that as the thickness of this layer increases, ΔVbd/ΔT increases linearly for temperatures between 200~400 K, while at lower temperatures, ΔVbd/ΔT is minimized [2, 3] .
InP and AlInAs APDs are widely used due to their low dark current and compatibility with near-infrared fiber optic telecommunications links [4] . Si APDs are also widely used for their low noise characteristics and compatibility with high-speed integrated circuitry. Extensive studies have categorized the temperature dependence of APDs designed in these material systems [2, 3] . Recently, thin Al 1-x Ga x As y Sb 1-y APDs, which are lattice matched to InP, were reported with exceptionally low ΔVbd/ΔT values [5] .
Previously reported Al x In 1-x As y Sb 1-y PIN and SACM APDs, which are lattice matched to GaSb, have demonstrated low excess noise, k = 0.01~0.05, and high absorption efficiency covering a wide optical spectrum [6] [7] [8] [9] . In this paper we report temperature-dependent studies of these Al x In 1-x As y Sb 1-y APDs. In order to further test the robustness of these APDs, temporal stability was also measured.
Experimental details

Device growth and fabrication
Al x In 1-x As y Sb 1-y epitaxial layers, with Al concentration from x = 0.3-0.7, were grown on ntype Te-doped GaSb (001) substrates by solid-source molecular beam epitaxy (MBE) as digital alloys of the binary semiconductors [10] . Two Al x In 1-x As y Sb 1-y PIN APDs with x = 0.6 and 0.7, and an Al x In 1-x As y Sb 1-y SACM APD were studied. The PIN and SACM APDs had multiplication layer thicknesses of 890nm and 1μm, respectively. The structural cross sections of the devices are shown in Fig. 1 . Refs [6] [7] [8] [9] . describe the APD structures in greater detail. Circular mesas were defined by standard photolithography techniques and N 2 /Cl 2 inductively coupled plasma dry etching. A bromine-methanol treatment was used to remove surface damage, and the mesa sidewalls were passivated with SU-8 to reduce surface leakage current. Ti/Pt/Au ohmic contacts were deposited using electron-beam evaporation.
The APDs under test were placed in a nitrogen-cooled cryogenic chamber in order to precisely control ambient temperature. A 543 nm He-Ne CW laser was coupled into the chamber via a 9 μm-core lensed fiber in order to achieve single-carrier electron injection into the high-field multiplication regions of the APDs. Current-voltage characteristics of the APDs under test were measured with an HP 4148 semiconductor parameter analyzer. The gain, M, of the PIN APDs was extracted directly from the measured photocurrent, whereas M of the SACM APDs was determined by fitting photocurrent and excess noise [11] . The breakdown voltage of the APDs was determined by extrapolating the inverse gain 1/M to zero. ΔV bd /ΔT was determined by measuring the variation of the breakdown voltage from 223 to 363 K and applying a linear fit.
The temporal stability of the gain was measured by illuminating the devices with a 543 nm He-Ne CW laser. At room temperature (300 K), a gain of M = 10 was set for both x = 0.6 and x = 0.7 PIN APDs, while a gain of M = 13 was set for the SACM APDs. The photocurrent of each device was continuously measured for two hours. Figure 2 shows the breakdown voltages of the APDs as a function of ambient temperature. The slope of the linear curve fit represents ΔVbd/ΔT. The values for the Al x In 1-x As y Sb 1-y x = 0.6 and 0.7 PIN APDs and the SACM APD are 2.5, 3.8, and 15.8 mV/K, respectively. Ref [9] . contains gain curves indicating that tunneling effects are not a factor when these devices are operated at high bias. [2, 3, 5] . Ref [2] . reports a linear relation between ΔV bd /ΔT and multiplication layer thickness, which can be represented by simple linear equations for InP and AlInAs devices. Furthermore, these equations can be scaled for SAM APDs by accounting for the depletion width [2] . These linear curves are included in Fig. 3 , where the depletion width is assumed to be 1 μm larger than the multiplication layer thickness, similar to the data found in [2] . Values of ΔVbd/ΔT for the Al x In 1-x As y Sb 1-y PIN and SACM APDs are shown in Table 1 and compared with InP, AlInAs, Si, and Al 1-x Ga x As y Sb 1-y APDs of various multiplication layer thicknesses. When compared to devices with similar multiplication layer thicknesses, ΔVbd/ΔT of Al x In 1-x As y Sb 1-y PIN APDs is less than a quarter that of AlInAs devices and almost an order of magnitude lower than ΔVbd/ΔT for InP and Si devices. ΔVbd/ΔT for Al x In 1-x As y Sb 1-y SACM APDs is less than half that of AlInAs SAM structures and less than a quarter of ΔVbd/ΔT for InP SAM structures with similar multiplication layer thicknesses. Al x In 1-x As y Sb 1-y PIN APDs only show values of ΔVbd/ΔT approximately three times higher than Al 1-x Ga x As y Sb 1-y devices ( [5] ), which have multiplication layer thicknesses almost eight times thinner. [13] 0.8 100 InP SAM [12] 0.4 70 InP SAM [2] 0.2 46 AlInAs SAM [15] 1 40 AlInAs SAM [14] 0.2 25 AlInAs SAM [2] 0.15 23 Figure 4 shows the stability of Al x In 1-x As y Sb 1-y APD gain as a function of time. Within a two-hour period, the PIN APDs demonstrated maximum gain errors of 1.7% and 5.1% for x = 0.6 and x = 0.7 devices respectively. In the same test, the SACM APDs demonstrated a maximum gain error of 7.4%. 
Results
Conclusion
Studies with Al x In 1-x As y Sb 1-y APDs over a wide range of ambient temperatures show superior ΔVbd/ΔT compared to APDs of conventional materials. Both PIN and SACM APD structures have demonstrated robust performance amid temperature fluctuations. Temporal measurements also indicate high stability. Combined with the previously reported low noise, low k, and high absorption efficiency characteristics of these devices, Al x In 1-x As y Sb 1-y APDs offer the possibility of high-performance over a wide range of operating temperatures.
Funding
Defense Advanced Research Projects Agency (DARPA); Army Research Office (ARO).
